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Abstract We present a fourphase integrated buck converter in
45nm SOl technology.The controller usesunlatched pulse-width

modulation (PWM) with nonlinear gain to provide both stable

small-signal dynamics andfast response(~700ps)to large input

and output transients. This fast control approach reduces the
required output capacitance by5X in comparisonto a controller

with latched PWM at similar operating point. The converter
switches at 80MHz and delivers 1A/mnf at 83% efficiency and
0.66 conversion ratio.

[. INTRODUCTION

Performanceperwatt is an increasingly important metric
for microprocessors as it is now common fbe thermal
envelope to limit compuational performance foan IC.
Dynamic voltageand frequencyscaling (DVWFS) canimprove
performanceperwatt by reducing wasted power when logic is
idling or performing a low priority taskl]. The benefits of
DVFS are best realized when implementegith high
granularity of voltage and frequency domajrfer example,
individually optimizingthe power consumption afach coe
in a manycore processor according to workload
Unfortunately, conventional switchedinductor board level
voltage regulator modules (VRMsye poorly suitedfor such
a granularimplementationbecause of the need to distribute
many supplies fronboard to chip. Integrated DBOC power

converters offer the scalability required while allowing power
to be brought omlie at higher voltage, reducing current levels,

associated power network impedance requirementsand
I°R losses.

Recent work hasexplaed integratedvoltage regulators
(IVRs), including both switchedcapacitor and
switchedinductor IVRs. Switchedcapacitorconverters have
shown high efficiency at resonable current densitibsit have
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waveforms Subsequent work$6, 7] use more traditional,
pulsewidth modulation PWM) controllersand rely on an
abundance of packagdevel decoupling capacitance
compensate for increased controller delayThe primary
drawback to this approacéhthe dependence on gagelevel
capacitance, whichvill be unavailable with higher leils of
integration In contrast, e fourphase buck converter
presented here, fabricated and tested im#5SOI, employs
an unlatched PWM modulator angbnlinear &edbackto
concurently provide PWM-like synchronization of multiple
phases, linear smadignal dynamics (euring stability and
loadline regulatio), and nearly instantaneous response to
largesignal input and loadurrent transients without the need
for large output decoupling.

[I. CRITICAL OUTPUT CAPACITANCE

Table 1summarizekey parametes for the proposed IVR
For these parameters, weill determine the constraint on
minimum output capacitanc€gyr) in an effort to reducthis
capacitancand improve current density

Assuming availability of integrated capacitors with fast ESR
time costanty/c=r cC), the optimal loadransient response is
achieved wherthe output voltag€voyr) follows a dynamic
loadline [8]

to
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To avoid chaotic behavior, the crossover frequency for the
loop gain,fc, should be set according to the switching stability

done so only at fixed conversion ratio and without addressinguideline(8]

transient requirement®, 3]. Meanwhile,switchedinductor
(buck) converters have showhigh current densites and
efficiencies with a continuous ange of conversion ratips
making buck converters the most promising of IVR
candidate$4-7].

Transient requirementspose a major challenge in
developmenbf IVRs asmicroprocessors require tight voltage
regulationeven duringlarge loadcurrentsteps Some early
switchedrinductor IVRs addressd transient requirementsy
employing a multiphase hysteretic controller that minimizes
delay, providing an almost instantaneous
transientg[4, 5]. Unfortunately,the closed loopbehavioris
especially difficult to predict fothese nonlinear controllers
and the loose synchronization of phasesroduces an
underdamped largeignalresponse as evident in tird@main

response to
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TABLE |
PROPOSEDVR SPECIFICATIONS
ViN input voltage 1.5v
lLoaomax ~ Mmax. load current 1.2A
"lLoaD max. dynamic load step 600mMA
/) load step time constant 100ps
"Vout output tolerance band +30mV
"Vos Max. transient overshoot 40mVv
Rout closed loop output resistance 100m
fsw switching frequency 80MHz
N number of phases 4
L inductance per phase 26nH
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Fig.1: System level diagram of integrated power chip including NoC load

In order to achieve dynamic load line regulation, the outpuin continuous conduction mode faty of 80MHz andi_oap Of

capacitor pole must be placed withg this determines the
constraint on minimunCoyr,

1
C " - - (4)
T 2Rourfc

Unfortunatdy, this value ofCoyr may not be sufficient in
the presence ofarge loadcurrent stepswhich canlead to
duty cycle saturation in theontroller responsdjmiting the
feedback gain and subsequentBusingsignificant deviation
from the loadine (overshoot) The critical capacitanc€cgy,
is the approximate minimur@qyr thatlimits output voltage
overshoot to the tolerance specified in Tablé\lps during a
worstcase load transientcriris derived in8] as
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wheret, = L "l oad/(N(Vin-Vrer,pd) @ndty is the delay time for
the controller to saturate the duty cycl&mall /c andt, can

500mA. Use of the proposed control scheme allowstas
reduce thdotal output capacitanc€oyr, to ~23nF, including
explicit MOS capacitors and neswitching gate capacitance
from the digital load

The buck converteis composed of fauidentical hardware
phaseqHP) and clock generation circuitry that provides the
switching frequency and phaserfeach of the HPSyc k1.4
Within each HPvck is superimposednto a DC reference
voltage, Vsgr, by means ofRc « to create atriangle wave
reference input to the controllerzer, that is centered at the
desired DC output voltagerer pc, as shownn Fig. 2.

Relk L VIN _ RREF
RREF+RCLK 2 RCLK +RREF
The feedback voltageys, is a superposition of the bridge
voltage, Vegripes at low frequencies and the output voltage,
Vout, at highfrequencies. The comparison ofrer andveg at
the delayoptimized conhuous comparatordetermines the

(6)

VREFDC =VSET

be dtainedwith integrated capacitors and multiple phasessieady stateluty-cycle, D, such that the DC valuegerpc

respectivelyin which casdytends todominate the numerator

andvegpc, ae equal The DC ouput resistanceRoyr, of the

of (5). In Section Ill, we describe a controller design with neanvRr can be tuned bR ;andR, according the equation

immediate response to large load steps (fashatallows us

to reduceCoyr to less than 23nF for the specifications of

Table 1.

I11. CONTROLLERDESIGN

Overview Fig. 1 showsa system level diagram of thedip.
A four-phase buck converterprovides a regulated supply
voltage to a digital load in the form dfoth a 64tile
networkon-chip (NoC) and a programmable current reeu
capable of generating loamlirrent stpsof 1A with slew rates
of ~1A/100ps. The converteoccupies 0.75mfrincluding all
input and atput decoupling capacitan¢®.32mnf excluding
these capacitoyslt operateswvith a switching frequencyfsy
of 80MHz andvoltage rippleof < ImV. The dowrnconverter
supports a comuous range of conversion raifsom a 1.5V
supply with a load current as high as23A. The driver
switches are thicloxide floating body FETs where the widths

have been optimized for 80MHz switching and 300mA per

phase. A disetely programmable deadime can be added to
the nMOS turpon transition allowing zero voltage switching
(ZVS) whenvggpge transitions from high to lowFour26nH,
SMT-0402air-core inductors are integrated top of the chip
by bondwire connections The inductance value is chosen to

Ry +Ry 2

r
I:QOUT mos RREF"RCLK (7

wherergOand rp.Oare the effective series resistance of the
inductors and switches respectively

Large-signal behavior The time constant,RegCrg IS
designed to be30%longer tharRc «Crer suchthat in steady
state,veg Will slew behindvggr as shown in Fj. 2. In the
event of a loadurrent stepthe resultind vou+/!t across
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limit current ripple such that the converter efficiently operated9-2 Vrer @ndveg during steady state and load transient, simulat
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Fig.3: " d as a function ofy, perturbation Fig.4: Small signal transfer fugtions Fig.5: Networkon-Chop Organization
amplitude, D=0.5 and output impedance
Cout couplesthrough Cgg, and causesrg to Crossvger At IV. NETWORKON A CHIP

this poirt, the comparators will switch state and the output A ga4-ile networkon-chip (NoC) serves as a real digital
drivers will apply the apprafate voltage avsripce Each of  |gaq for the IVR. NoCs are becoming the basic interconnec
the HPs respondsasynchronously, suctthat all of the jnfrastructure for complexsystemson-chip (SoC3. Since
inductors exerthe maximum! |/!t_W|th|n a fr_actlon of Iy communication plays &ey role inSoGs and given the very
When an HFbecoms unsynchronized, the difference betweengyyict energy and performance requirements imposed on NoC:
Vrs and Veer is larger andhe HPOs sensitiyitto !vour/!tis  recent designs have resenedeparate voltaggock domain
reduced driving the HPback to proper synchronization. In gy the NoC along1].
this manner the controller simultaneously provides near \within our NoC each tile is composed of four cores to
immediate asynchraus response to load transients andreglize four independent 8x@D-mesh network®n-chip
strongsynchronization between HPs in steady state. ~ NoCs(Fig. 5) Each individual NoC supports a differeduta
The totalcontroller delayduring a worst case load transient parallelism, 128, 64, 32, and 32 bits, respectively. All NoCs
is ~700ps according to simulatioB25ps forves to Crossvrer  adopt traditional wormhole flowontrol and X¥dimension
160ps for the comparators to switch, and 200ps for tigital  1oyting. The 2BMesh topology is achieved using 5x5 routers,
delay through ZVS logic and driver buffersVith this short  \yhere 4 1/0 ports are attached to neighbor routers, and th
delay time Ccrirrequired to met the specifications inable 1 fifth port is used for traffic injection/ejection. The traffic
is only 20nFaccording tq(4). _ _ injected at each router is generated according to externall
Small signal dynamicsThe smalisignal dynamics can be programmable parameters, such as packet lengthspiatdet
determined using eombination of conventiondinear circuit  arrival and probability distribution of the destinations.
analysis and circuit averaging we assumehatthe freqency  \yitiple parallel NoCs hve been studied as powefficient

below fswfor averaging to be valid The smabsignal steady  socg[9].

state gain Assm Of the comparator stage isimilar to a
conventimal PWM modulator with the exception that both
Vrer and veg have large signal componentsfat (Fig. 2) in
steady stateand, hence,the effective PWM ramp signal is
Vramp=VRerP Ve as slown in Fig. 3 inset Agsm is inversely
proportionalto the slope ofvgamp Where it intersects veg.
Fig. 3 shows he small gynal change in the duty cycléd, as

a function of" veg. When | veg| < 4mV the gainttrough the

IV. EXPERIMENTAL RESULTS
The measurd response tdhe worstcase load transiens
shown in Fig. 6wnith voltageovershootof ~30mV. The output
voltage, vour, follows the loadine and closely matches
simulated results with the exception of some ringing that
occurs after the step.

comparator is lineandapproximateds RA 1B£94%%%%%(,$
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but for largerdeviations |' veg| > 4mV, the gain through the 9
comparatoris nonlinear ad increasing which provides Q_' o J\’\/W\:NWNMA M
improved transient response to large transidrits remainder X
of the loop transfer function can be determined with linear — + $1(+<$:
circuit analysisthe derivedransfer functions and smalignal j— 9"#+01,$:
output impedance arghown in Ry 4. Theloop gain predicts ny } }
stable smaikignal dynamicswith a phase margin of 70In - N ] % . .
comparing the opeloop and closedoop output impedance ** > ° * * <
we see that the controllsuccessfullyregulates to a dynamic I"#$%&()
loadline. The output capacitor ESR zero occursoaé Fig.6: Load-current step isponse from proposed controller

100GHz, beyond the range of Fig. 4
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Fig.7: Measured input step response Fig.8: Measured converter efficiency
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